Abstract-We propose a new wireless communication architecture for implanted systems that simultaneously stimulates neurons and record neural responses. This architecture can support large numbers of electrodes (>500), providing 100 Mb/s for the downlink of stimulation signals, and gigabits per second for the uplink of neural recordings. We propose a full-duplex transceiver architecture that shares one antenna for both the ultrawideband (UWB) and the 2.45-GHz industrial, scientific, and medical band. A new pulse shaper is used for the gigabits per second uplink to simplify the transceiver design, while supporting several modulation formats with high data rates. To validate our system-level design for brain-machine interfaces, we present an ex-vivo experimental demonstration of the architecture. While the system design is for an integrated solution, the proofof-concept demonstration uses discrete components. Good bit error rate performance over a biological channel at 0.5-, 1-, and 2-Gb/s data rates for uplink telemetry (UWB) and 100 Mb/s for downlink telemetry (2.45-GHz band) are achieved.
System-Level Design of a Full-Duplex Wireless
Transceiver for Brain-Machine Interfaces
I. INTRODUCTION

I
MPLANTABLE wireless neural recording systems are of high interest for treatment of neurological impairments [1] - [8] . Simultaneous neural stimulating and recording systems on a large scale require many electrodes interfaced, perhaps permanently, to the central and peripheral nervous systems. In neural recording and stimulating applications, increasing the number of electrodes enhances the understanding of the targeted part of the brain [9] .
Wireless implantable devices can be powered by two different methodologies: 1) with an unchargeable battery or energy harvester or 2) wirelessly from external sources by an antenna or an inductive coil [10] - [15] . Since we target permanent implants for a high number of electrodes, we do not consider the first option. The second option can be divided into partially passive and fully passive subgroups. The high bit rates we target preclude the use of fully passive methods, where neuropotentials modulate an externally generated carrier and the modulated carrier is backscattered to an external receiver. While the fully passive circuits can reduce risks related to power dissipation in implants (they dissipate little of the induced power), analog modulation is incompatible with large-scale neural recording systems.
We therefore focus on passive powering, which is suitable for permanent implants and can provide enough (milliwatts) power for an implanted device. In wireless brain-machine interface (BMI) transceivers with passive power systems, three separate links have been conventionally employed: one power inductive link and two separate communication subsystems (uplink and downlink), as shown in Fig. 1 (a) [8] , [16] , [17] .
Inductive data links are utilized when the required data rate is low, of the order of a few megabits per second [16] , [17] . At low frequencies, the unlicensed bandwidth is limited, pushing high-speed links to higher RFs required. To achieve a higher data rate for the uplink in a neural recording system, an ultrawideband (UWB) RF link was utilized instead of an inductive approach; the inductive approach was kept for the downlink [7] , [8] . As the number of electrodes increases, the downlink needs a wider bandwidth (and hence a higher RF frequency) to be able to support 100 Mb/s data rates. Recently, we proposed a 2.45-GHz industrial, scientific, and medical (ISM) band as a downlink [18] . We will show in this paper that the 2.45-GHz downlink receiver can be operated in full duplex with a high data rate UWB uplink transmitter.
The most important features for the implanted circuit are small size and very low power consumption [1] - [7] . To achieve these goals, we modify the traditional use of separate uplink and downlink subsystems, and propose a fullduplex data transceiver, with one dual-band RF bidirectional data link. We avoid a power-hungry circulator by considering a diplexer. The diplexer is not the conventional type using bandpass filtering, but a stripped down version that capitalizes on pulse shaping of the transmitted signal to take advantage of the low noise amplifier (LNA) filtering feature at the implanted downlink receiver. We shape the transmitted pulse to put most energy between 3.1 and 7 GHz. This also allows for good isolation from the 2.45 GHz, achieving low crosstalk between uplink and downlink. Because the transmitted pulse in an implant-to-air channel faces high insertion loss at 7-10.6 GHz [19] , [20] , shaping the pulse between 3.1 and 7 GHz and focusing the energy on this subband actually enhances the uplink power efficiency compared with covering the entire UWB. Our approach yields a much simpler hardware than the traditional full-duplex methods (using a circulator or conventional diplexer): fewer components, leading to greater power efficiency and smaller size, are important properties for biomedical applications.
The final enabling element for our architecture is an antenna that has a 2-10-GHz bandwidth and covers both free license frequency bands of 2.45-GHz ISM and 3.1-7-GHz UWB with small size and good performance in a channel composed of biological materials. We developed and fabricated antennas, one implantable and one external, designed specifically for transcranial channels, which were presented in [19] . The antennas for this work were designed for dual bands, supporting both uplink and downlink.
We investigate the achievable data rates of the proposed wireless links via ex-vivo experiments with discrete components and biological tissues as the transmission media. We examine data rates of 0.5, 1, and 2 Gb/s for the uplink. For the downlink (stimulation signals), we consider only ON-OFF keying (OOK) at 100 Mb/s. We confirm that acceptable bit error rates (BERs) can be achieved at these rates. These results greatly outstrip the previous data rates for biological channels (TX and RX antennas and several biological tissues, which are placed between or surrounded by the antennas), such as 80 Mb/s for wireless implant-to-air data communications for gastro applications [21] .
In sum, our contributions are as follows: 1) proposing a new full-duplex data transceiver architecture (for simultaneous neural recording and stimulation) with one antenna and without using a conventional diplexer or circulator and 2) for the first time demonstrating nearly simultaneous high-speed transmissions in both 2.45-GHz-ISM band and UWB.
In Section II, we present an overview of the proposed system. In Section III, we describe the experimental implementation of the proposed architecture with discrete components, including an ex-vivo emulation of the biological channel. Section IV presents several options for signal modulation. In Section V, we present the BER performance. In Section VI, we motivate integration of the proposed architecture. Finally, conclusions are drawn in Section VII.
II. SYSTEM ARCHITECTURE As shown in Fig. 1(a) , to date two separate communications subsystems are used for uplink and downlink data transmission. We propose a full-duplex data transceiver architecture that consists of one dual-band RF bidirectional subsystem. This architecture requires fewer components (thus minimizing size and power consumption) by exploiting a small set of efficient and integrable components: a single antenna, an LNA that doubles as a bandpass filter, and a pulse shaper formed from delay elements and amplifiers. In this section, we motivate the selection of this set of components, and contrast them with other solutions available in the literature. In Section III, we present an experimental proof-of-concept demonstration for this architecture (destined for integration) using discrete components. Fig. 1(b) shows a block diagram of the proposed transceiver supporting a bidirectional, high-data rate link through the head for neural stimulation and recording. The integrated solution will include a UWB pulse shaping transmitter and a 2.45-GHz receiver with an LNA with a limited passband. The design of the external system, not considered here, is less demanding than the implantable system; it need not be biocompatible, and the size and power consumption requirements are greatly relaxed. Compared with prior solutions, our architecture eliminates one antenna and an inductive link.
A. Simplified Diplexer
To replace two separate data links by one bidirectional data link, the transceiver must operate in the full-duplex architecture (stimulation and simultaneous recording). Typically, circulators or diplexers are used to implement a full-duplex transceiver (FDT) [22] - [27] . As a passive circulator uses ferrite materials, to have a CMOS-compatible solution for integration an active circulator would be required [22] - [24] . Active circulators attenuate the signal by at least 3 dB, increase size and power consumption, and decrease the signal-to-noise ratio (SNR) of the receiver. Another solution might be implementing a conventional diplexer (two sharp bandpass filters) to separate the frequency bands [25] - [27] . The narrowband frequency must be close to the UWB for coverage by a single antenna (TX and RX). Implementing filters to operate in these two bands in CMOS technology would require significant space and add loss to the transmitted and received signals.
To avoid the two sharp bandpass filters in a conventional diplexer, we propose a simplified diplexer where two separate frequency bands are supported by exploiting pulse shaping elsewhere in the transceiver. We propose one dual-band transceiver to replace a separate: 1) 2.45-GHz-ISM band down link and 2) UWB uplink. The UWB (uplink) and 2.45-GHz-ISM band (downlink) were chosen for the communication bands because: 1) the two frequency bands are close enough to be covered by a single antenna and 2) they are readily available unlicensed bands per Federal Communications Commission (FCC) regulations. We show in the inset in Fig. 1 (b) the spectra of a UWB and a 2.45-GHz-ISM signal.
We propose implementing an FDT by: 1) shaping the UWB pulse and 2) exploiting the LNA 2.45-GHz passband. The UWB pulse (see the next section) is sculpted to have a spectrum beginning at 3.1 GHz. This signal is routed to the implanted antenna. This signal therefore also propagates to the 2.45-GHz receiver. Within that receiver is an LNA designed to operate at 2.45 GHz for reception of uplink signals. The LNA has a limited passband, rejecting any UWB signal component (high impedance in UWB). Also, when the 2.45-GHz modulated signal is received by the implanted antenna, the signal faces high impedance output of the UWB transmitter and it is routed to the 2.45-GHz LNA. By this architecture, we can have two separate bands with good isolation between them. The FDT thus avoids the use of a circulator or a traditional (separate bandpass filters) diplexer.
B. UWB Pulse Shaping
The UWB impulse radio has several advantages such as low complexity and low power consumption [28] , [29] . To generate a UWB pulse, a number of methods are available. The choice is affected by several factors such as power consumption, simplicity in implementation, modulation scheme achievable, BER, data rate, and so on. The pulse filtering method because of using inductors in their implementation needs larger space than shaping the pulse [29] . Gaussian derivatives are widely used in UWB transmitters; the higher their derivative the higher the center frequency [29] .
We optimize the transmitted pulse subject to multiple constraints as follows: 1) efficient exploitation of the FCC mask; 2) isolating the transmitter and receiver in our full-duplex structure; and 3) matching the frequency response of the biological communications channel. Electromagnetic waves see greater loss at higher frequencies in our channel; we should try to put more power in the lower band of UWB (3.1-7 GHz). Finally, the achieved pulse duration should be short to support high data rates (to avoid intersymbol interference). We target pulses with 500-ps duration to support data rates as high as 2 Gb/s.
To shape the UWB pulse, the amplitude and the time duration of the fifth derivative of a Gaussian pulse is manipulated. The optimized pulse is generated by summing the time-shifted Gaussian pulses algorithm as shown in Fig. 1(b) . This architecture promises a low-power implementation because of its simplicity in comparing with other pulse shaping methods [30] - [33] . To provide the systems designer with the maximum flexibility, this architecture has the added advantage of supporting three signaling methods: OOK, binary phase-shift keying (BPSK), and differential phase-shift keying (DPSK). Four impulses are used to shape and generate the required UWB signal for transmitting logical "1" data during OOK modulation. To produce BPSK and DPSK modulated signals, a similar algorithm is used, producing the same signal with a 180°phase difference when logical 0" data is transmitted.
The modulation scheme can be categorized into coherent and incoherent architectures with a tradeoff between complexity and power consumption. Coherent detection requires more complex circuitry than higher power consumption; incoherent detection is less complex, which results in lower power consumption, but worse BER performance [34] . We consider BPSK (coherent), DPSK (incoherent), and OOK (incoherent) modulations for the uplink. DPSK has power consumption between OOK and BPSK [34] .
C. Antenna Design
The final enabling element for our architecture is an antenna that covers both the frequency bands with small size and good performance in biological materials. We require one implantable and one external, designed specifically for transcranial channels. We designed and fabricated spiral antennas that cover 2-11-GHz frequency bands (both ISM band and UWB) using ANSYS HFSS (a commercial finite element method solver). The fabrication and simulation results, the biological model, measurement setup, and the material used for their fabrication are all provided in detail in [19] . We plot in Fig. 2 the propagated electric field between the antennas (TX and RX). The illustration shows the placement of both the antennas and the layers of inhomogeneous model used in ANSYS HFSS. The highest electric-field intensity is localized close to the antennas, leading to a higher coupling between the antennas, and thus a higher received SNR. This model is used for both antenna design and for assessing transfer of heat to the surrounding tissue, as explained in the following section.
D. Average Specific Absorption Rate
The peak 1-g average specific absorption rate (ASAR) is simulated in HFSS for implanted antennas in the 3.1-7-GHz frequency range (transmitter for uplink) and external antenna in the 2.45-GHz-ISM band (transmitter for downlink). The American National Standards Institute limitations are 6.4 mW (8 dBm) for the implanted antenna and 9 mW (9.5 dBm) for the external antennas. The ASAR for the external antenna is calculated assuming the antenna is placed 0.7 mm from the skin.
III. EXPERIMENTAL PROOF OF CONCEPT
In the previous section, we proposed an architecture that can be integrated in CMOS technology in smaller size and with lower power consumption than previously proposed systems. In this section, we use test equipment and discrete components to investigate the performance (achievable bit rate) of this new system-level design. Our choice of discrete components emulates the integrated solutions. We test several modulation formats and measure the BER when propagating through animal tissue in an ex-vivo trial. To emulate the human head, the implanted and external antennas are separated by animal brain, bone, fat, and skin tissues harvested within one day of death. The ex-vivo setup that is used in this work is discussed in detail in [19] and [20] .
The test equipment and discrete components of our test setup are shown in Fig. 3(a) . An arbitrary waveform generator (AWG) is programmed to generate the uplink UWB pulse, a pulse shape resembling that which would be produced by the architecture is shown in Fig. 1 . Note that we use an AWG for experimental convenience, but the pulse shaper will be implemented in CMOS technology for the integrated solution [32] , [33] . The UWB pulse is modulated by a pseudorandom binary sequence (PRBS) of order 15 by the AWG. One million bits are transmitted using OOK, BPSK, or DPSK modulation. An attenuator is used at the transmitter for sweeping the SNR in the receiver. The attenuator is followed with a UWB bandpass filter to achieve high impedance outside its supported frequency band. The uplink signal is transmitted through the animal tissue. At the external receiver, a 3-dB power divider (22-dB isolation) is used between the two summation ports. The signal is amplified with a UWB LNA with a 27-dB flat gain and noise figure (NF) 4 dB. The uplink signal is captured by a real-time oscilloscope to be analyzed offline in MATLAB--MathWorks.
In the downlink transmitter, the output of bit pattern generator (PRBS of order 15) running at 100 Mb/s is mixed with a 2.45-GHz tone, followed by an attenuator used for sweeping the SNR. The downlink signal is transmitted through the animal tissue. The 2.45-GHz signal received by the implanted antenna is rejected by the UWB bandpass filter before the uplink transmitter and is diverted to the implanted receiver which is 50 matched. A discrete bandpass filter centered at 2.45 GHz with sharp cutoff is used to emulate the passband of an LNA specially designed for this application. The LNA has NF = 2.1 dB and a gain of 15 dB. The amplified signal is captured by a real-time oscilloscope for processing offline in MATLAB.
We fabricated the implanted antenna on a flexible PCB and the external antenna on a rigid FR4 PCB [19] . 50-SMA connectors connect the antennas to the other equipment, as shown in Fig. 4 . To emulate the head environment, the following animal tissues are used: skin (1 mm), fat (0.5 mm), bone (6 mm), and brain (30 mm), thicknesses chosen to mimic the typical human head tissues [36] . We measured and plot in Fig. 3(b) the frequency response of the wireless channel (S 21 ), amplitude, and phase using an HP-8722ES network analyzer. We see that the insertion loss of the channel increases with frequency. Operation at lower frequencies improves the BER performance of the system. Pulse shaping can help us to put more power of the transmitted pulse at a lower frequency and increase the link efficacy. Fig. 4 shows a photo of the measurement setup.
Isolation of the uplink transmitter from the downlink receiver in our implant is challenging. For the external unit, we can use a discrete power divider with excellent isolation [22 dB in Fig. 3(a) ]. The implant requires an integrated solution. The UWB uplink transmitter in an integrated solution (on-chip) will naturally have very high impedance, providing isolation to the 2.45-GHz downlink receiver. In our experiment with discrete components (not integrated), we emulate this high isolation via a UWB bandpass filter [see Fig. 3(a) ]. The bandpass filter rejects the 2.45-GHz downlink signal, effectively routing all energy to the 2.45-GHz receiver.
To isolate the 2.45-GHz downlink receiver from the transmitted UWB signal, we use pulse shaping for UWB pulse to have the lowest crosstalk with a 2.45-GHz ISM band. Fig. 5(a) shows the measured UWB pulse with OOK modulation at the output of the AWG, as captured by a real-time oscilloscope. In Fig. 5(b) , we see the spectrum for the UWB signal. The pulse is shaped to place energy between 3.1 and 7 GHz, and to introduce a notch at 2.45 GHz, yielding good isolation between uplink and downlink.
The final determination of the effectiveness of isolation is the BER performance of uplink and downlink. We will see in the following sections that the measured BER is close to the theoretical limits, hence crosstalk is negligible.
IV. MODULATION OPTIONS
To provide the systems designer with the maximum flexibility, this architecture has the added advantage of supporting three signaling methods: 1) OOK; 2) BPSK; and 3) DPSK. Each modulation format is briefly described, including the required receiver.
A. BPSK Modulation
BPSK as shown in Fig. 6(a) [34] is detected by the measured frequency response of the channel as plotted in Fig. 3(b) . The transmitted, received, and detected signals are shown in Fig. 7(a) for 500 Mb/s and SNR = 20 dB.
B. DPSK Modulation
Detection block of the DPSK modulation is shown in Fig. 6(b) [34] . The transmitted, received, and detected signals are shown in Fig. 7(b) for 500 Mb/s and SNR = 20 dB.
C. OOK Modulation
Detection block of the OOK modulation is shown in Fig. 6(c) [34] . The transmitted, received, and detected signals for uplink are shown in Fig. 7(a) for 500 Mb/s and SNR = 20 dB. Also, the data transmission for downlink is presented in Fig. 7(d) for 100 Mb/s and SNR = 20 dB. Fig. 6 shows the block diagram of the receiver systems for different modulations, performed offline in MATLAB on data captured by the real-time oscilloscope. For the uplink, Fig. 7 shows the modulated waveforms with random digital data at the transmitter, the receiver, and the following detector. In Fig. 7 "Transmitted signal" is the waveform modulated with a PRBS of order 15 and 1 million bits length for different modulations, which is uploaded in AWG. "Received signal" is the signal that is captured by the real-time oscilloscope. "Filtered signal" is the captured signal after bandpass filter in Fig. 6 . "Integrated signal" is the output of the integrator (an RC low-pass filter) in Fig. 6 . The red dashed lines in the "Integrated signal" are the sampling times. In order to detect transmitted data, the sampled signal (dashed red line) is compared with a threshold value. "Transmitted signal" in Fig. 7(d) refers to the downlink at the output signal of the mixer, which is captured by the real-time oscilloscope. "Received signal," "Filtered signal," and "Integral Signal" are similar to those discussed for the uplink. Discussions of the different modulations are provided below.
V. DATA RATES AND BER PERFORMANCE
Recent neural research targets a large number of channels for neural recording and stimulating to enable better understanding of the complex dynamic behavior [9] , [37] . The reported data rates for neural recording in the UWB are shown in Table I . Circuit design has been the primary focus of BMI research, with less attention to the data transmission performance of implant-to-air communications. 80-Mb/s implant-to-air data communications was achieved for gastro applications [21] . We were able to push the data rates above the 80 Mb/s using more bandwidth in UWB and because of less insertion loss for the BMI than the gastro application [38] . Our architecture improves the data rate, without penalty in power consumption, and retaining small-form factor and CMOS compatible solution. Here, we describe the BER performance at various data rates, both experimentally and in simulation.
Using the setup described in the previous section, transmitted data are captured by the real-time oscilloscope for UWB and 2.45-GHz links simultaneously. The BER is calculated and the BER versus SNR of each link is shown in Fig. 8 . Uplink BER appears in Fig. 8(a)-(c) for BPSK, OOK, and DPSK modulations at 500 Mb/s, 1 Gb/s, and 2 Gb/s, respectively. The downlink BER is presented in Fig. 8(d) for OOK modulation at 100 Mb/s.
The SNR penalties between the modulation formats at 0.001 BER are shown in Fig. 8 . As expected, the best BER performance is obtained by BPSK. When the data rate is increased, the BER performance is reduced due to the ISI effect. Increasing the data rate leads to greater ISI and worse BER performance. However, equalization techniques can be used to solve this issue at rates above 500 Mb/s. As this processing would occur in the external receiver, the added complexity is not burdensome. For the downlink, data rates are moderate, below 100 Mb/s, and equalization should not be necessary in the implant. The maximum data rate and the BER performance are plotted for this link in Fig. 8(d) .
We use the offline process to emulate the external hardware for uplink detection, and the implanted receiver for the downlink. The receiver sensitivity in our offline calculations is determined by the real-time oscilloscope, which is high. We estimate the required transmit power to attain 0.001 BER with less ideal sensitivities, i.e., which can be implemented by CMOS circuits. The average of the transmitted power is Table II. calculated for different receiver sensitivities and is presented in Table I . These values are calculated at 500 Mb/s for the uplink and 100 Mb/s for the downlink.
In Section II-D, we found the maximum safe transmit power was 8 dBm for the uplink and 9.5 dBm for the downlink. Therefore, for the 100 Mb/s downlink we can achieve 0.001 BER with any of the receiver sensitivities examined in Table II . Table II gives the required power for a 100-Mb/s uplink and a 500-Mb/s uplink to achieve 0.001 BER at the given receiver sensitivities, for other data rates and points on the BER curves of Fig. 8 , the transmitted power can be calculated (as a function of the SNR and the data rate) to determine if the ASAR limits are respected. To reach our BER target for OOK with −40-dBm receiver sensitivity, we can place more power at a lower frequency than 7 GHz and try to limit the spectrum of the optimized pulse (to a subband of 3.1-7 GHz) to increase the power efficiency and improve BER. Another solution is to reduce the data rate below 500 Mb/s. In other words, to keep the average power constant while the energy per bit is increased, the data rate must be reduced.
Simulations were run to predict BER based on the measured characteristics of the discrete components. The uplink pulse shapes T x_uplink were generated in MATLAB, and were identical to those generated experimentally and uploaded to the AWG. We used the frequency response h(t) in Fig. 3(b) to simulate the overall channel (transceiver hardware, antennas, and biological tissues). The receiver used detection algorithms identical to those used on captured experimental data (Fig. 6) . We simulated simultaneous transmission of 1 million bits in both the links (UWB and 2.45 GHz). The received pulses R x_downlink and R x_uplink for the uplink and downlink, respectively, were calculated from
where T x_downlink is the square wave OOK downlink signal. The simulated BER performance is in good agreement with the measurements in Fig. 8 (experiment in markers, simulations in continuous curves). This agreement shows that the frequency domain characterization is sufficient for predicting the BER performance.
VI. DISCUSSION OF INTEGRATED CIRCUIT SOLUTION
The experimental demonstration with discrete components confirms that the proposed architecture can indeed support the highest reported bit rates for BMI wireless transceivers. The utility of this architecture must also be validated in an integrated solution. In this section, we provide some additional information on the integrated solution with all the components that have been sent for fabrication and will be used in later experiments.
The proposed FDT includes a 2.45-GHz OOK receiver and a UWB 3.1-7-GHz transmitter. Since both the receiver and the transmitter use the same antenna and communicate simultaneously on different frequency bands for this application, our solution decreases the design complexity and the total size of the implanted device. The block diagram of the 2.45-GHz OOK receiver component (reported in [18] ) is shown in Fig. 9 . The input signal is amplified by the LNA, downconverted to baseband, and low-pass filtered before being digitized by a comparator.
A customized circuit shown in Fig. 9 sculpts the UWB pulses by adjusting the amplitude and the time duration of the fifth derivatives of a Gaussian pulse. Several time-shifted glitch pulses are summed to form the UWB pulses [5] , [33] . The UWB transmitter circuit uses regular CMOS logic gates, such as inverters and NORs, and NMOS transistors. Four inverter-based delay lines shift the generated pulses. The four shifted impulses are output via transistors M1-M4, to form the required UWB signal data transmission [40] .
The top half of the circuit shown in Fig. 9 implements OOK modulation and by using both the top and bottom parts in Fig. 9 , the BPSK modulation is achieved. DPSK modulation has the same transmitter as BPSK, but it needs a precoding before transmitting [34] .
VII. CONCLUSION
We proposed a new wireless communications architecture for implanted systems that simultaneously stimulate neurons and record neural responses. The proposed full-duplex dualband transceiver configuration avoids using a circulator or a conventional diplexer and includes only one data link that makes the implanted integrated transceiver more compact and power efficient at the circuit level. This architecture can support a large number of electrodes (>500), providing 100 Mb/s for the downlink of stimulation signals, and gigabits per second for the uplink neural recordings.
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